The stoichiometry and thermodynamic stability of copper(II), vanadium(IV/V), iron(II)/(III) and gallium(III) complexes of salicylaldehyde semicarbazone (SSC, HL) and its The bromine substituent on the phenol ring has no significant impact on the stability and binding modes but provides a remarkably enhanced lipophilic character, which is advantageous for the bioactivity. The Ga(III) − salicylaldehyde semicarbazone species show unambiguously higher stability; whereas Cu(II) species have somewhat lower stability relative to the corresponding thiosemicarbazone analogues, however no decomposition of the Cu(II) complex was observed even at micromolar concentrations at physiological pH.
Introduction
Semicarbazones as Schiff bases are usually obtained by the condensation reaction of a semicarbazide and a suitable aldehyde or ketone. These compounds exist in two tautomeric forms such as keto (R 2 C=N-NH-C(=O)NH 2 ) and enol (R 2 C=N-N=C(OH)NH 2 ) forms.
Additionally, cis-trans isomerisation with regard to the R 2 C=N double bond is also possible [1−5] However, their anticancer efficacy usually does not surpass that of the sulphur analogues, thiosemicarbazones [1−5] . Only low-to-moderate in vitro activities of salicylaldehyde semicarbazone (SSC, HL, Scheme 1) and its various derivatives on cancer cell lines were reported [6−8] , however their efficacy is unambiguously increased by complexation with
proper metal ions such as Cu(II), Ga(III), Ni(II) or V(V) [8−15] . Cu(II) complexes of terminally N-substituted SSC showed considerably higher antiproliferative activity than their respective ligands triggering apoptotic cell death [9] . Binding of these Cu(II) complexes to DNA via partial intercalation with a subsequent cleavage of DNA via generation of hydroxyl radicals was also proved, which is most probably in a strong relation to their anticancer property [10] . V(V) complexes formed with N 4 -(2-naphthyl)semicarbazone were also
The chemical-physical properties of the Cu(II), Ga(III) or V(V) complexes of SSC and Br-SSC with already proved antitumor activity are characterized in solid phase (or in solution of organic solvents) [8−15] , which cannot provide sufficient information on their transformations in aqueous solutions. The knowledge of the exact speciation and the most plausible chemical forms of these complexes in solution, especially at physiological pH, are of utmost importance for the understanding their mechanism of action and the design of novel compounds with even better biological activity. Besides the possibility of decomposition in solution, the V(V) complexes can undergo reduction under physiological conditions, hence the stability of the V(IV)O complexes of SSC and Br-SSC may have some importance in their mechanism of action. Complexation with Fe(III/II) is also involved into this study. Although the final cellular target for the semicarbazone compounds has not been revealed [1−5] , the thiosemicarbazones are considered as inhibitors of the iron containing ribonucleotide reductase enzyme, the rate-determining enzyme in the supply of deoxyribonucleotides for DNA synthesis, and the formation of an iron complex is supposed to be an important step in the mechanism of action [17] . Therefore, in the present work detailed pH-potentiometric, [18] or -N-pyridyl thiosemicarbazones such as the anticancer drug Triapine ® [17, 19] . Measurements were performed in a water/dimethyl sulfoxide (DMSO) mixture due to the limited water solubilities of the ligands. The use of the organic solvent/water mixture is advantageous for the quantitative description of the solution equilibria of metal complexes with limited water solubility, but the conclusions cannot be directly transferred to the solution behaviour in water. Nevertheless, it was found in our previous works that the speciation is not identical but comparable in the presence of 30% DMSO and in neat water [20, 21] .
Experimental

Chemicals
SSC and Br-SSC were prepared as described previously [8] . NaVO 3 , VOSO 4 , KOH, KSCN, GaCl 3 and HEPES were Sigma-Aldrich and HCl, KCl, CuCl 2 , Fe, FeCl 3 were Reanal products. The purity and stability of the ligands were checked and the exact concentrations of the stock solutions prepared were determined by the Gran method [22] . Their concentrations were determined by complexometry via the EDTA complexes. Accurate strong acid content of the metal stock solutions were determined by pH-potentiometric titrations. The V(IV)O stock solutions were prepared as described [23] , and standardized for the metal ion concentration by permanganate titration. Vanadate stock solutions were prepared by dissolving sodium metavanadate in hot water. The solutions were then cooled to room temperature, filtered through a porous glass G4 filter, and standardized by evaporation to the solid (NaVO 3 ) [24] .
pH-potentiometric studies
The pH-metric measurements for determination of the protonation constants of the ligand SSC and the overall stability constants of the metal complexes were carried out at 25.0±0. and V(IV)O samples, argon overpressure was used when metal ion solution was added to the samples in tightly closed vessels, which were prior completely deoxygenated by bubbling a stream of purified argon through them for ca. 20 min. Argon was also passed over the solutions during the titrations.
The protonation constants of the ligands were determined with the computer program SUPERQUAD [27] , and PSEQUAD [28] was utilized to establish the stoichiometry of the complexes and to calculate the stability constants (log M p L q H r ) using the literature data for and L the completely deprotonated ligands. In all calculations exclusively titration data were used from experiments in which no precipitate was visible in the reaction mixture.
Spectrophotometric and spectrofluorimetric measurements
A Hewlett Packard 8452A diode array spectrophotometer was used to record the UV/Vis spectra in the range 260-800 nm. The path length was 1 cm. Protonation constants and the individual spectra of the species were calculated by the computer program PSEQUAD [29] .
The spectrophotometric titrations were performed on samples of the SSC alone or with Cu(II), 
Determination of the distribution coefficient (D)
D values of SSC and Br-SSC were determined by the traditional shake flask method [32] in n- For each spectrum, the noise-corrected regression parameter (R j for the j th spectrum) is derived from the average square deviation (SQD) between the experimental and the calculated intensities. For the series of spectra, the fit is characterized by the overall regression coefficient R, calculated from the overall average SQD. The details of the statistical analysis were published previously [34] . The hyperfine and superhyperfine coupling constants and the relaxation parameters were obtained in field units (Gauss = 10 -4 T).
Results and Discussion
Proton dissociation processes of SSC and Br-SSC and their lipophilicity
Solution equilibria of the proton-dissociation processes of ligands SSC and Br-SSC (shown in Scheme 1) were studied in a 30% (w/w) DMSO/H 2 O solvent mixture due to the low solubility of these compounds in neat water. Various methods such as pH-potentiometry, 1 H NMR, UV/Vis spectrophotometry and spectrofluorimetry were applied in the case of SSC. The much worse solubility of Br-SSC in this milieu resulted in experimental limitations and its pK a values were determined only by photometric and fluorimetric titrations. pK a values of SSC and Br-SSC are collected in Table 1 .
Table 1
The hydrolytic stability of SSC was monitored by a second pH-metric titration with KOH following back-acidification of the initially titrated sample and the recorded titration curves were almost exactly superimposed indicating that no decomposition occurred.
Although, ligand SSC consists of three dissociable moieties (phenolic-OH, hydrazinic N 2 H and carbamoyl group), only one proton dissociation constant could be determined accurately by pH-potentiometry in the pH range studied (~2.5 − 12.6). This proton dissociation process was accompanied by characteristic spectral changes in the pH-dependent UV/Vis spectra ( Fig. 1) , namely the development of a strong band at λ max = 360 nm is seen most probably due to the deprotonation of the phenolic-OH moiety (Scheme 2). pK a and spectra of the individual ligand species (HL; L -) were calculated on the basis of deconvolution of these spectra ( Table 1 , Fig. 1 ). On the other hand SSC possesses intrinsic fluorescence properties (3D spectrum in Fig. S1 in the Supplementary data) and its pHdependent emission spectra show a significant increase in the intensities at pH > ~7. 5 . A similar pK a value could be determined based on these spectral changes compared with the data obtained by the other two methods mentioned ( Table 1 ). The deprotonation of the N 2 H group of the semicarbazone moiety could not be detected, its pK a seems to be higher than 12.5.
Fig. 1 Scheme 2
Noticeably additional spectral changes were observed at pH < 2.8 accompanied by a small decrease of the emission intensities ( Fig. S1 .b) and a little rise in the UV/Vis absorbance values at 316 nm with elevated pH indicating a possible proton dissociation process in the acidic pH range, but data were not appropriate for the calculation.
Additionally, 1 H NMR spectra were recorded at various pH values for SSC (Fig. 2) .
The chemical shifts (δ) of the ring and C 7 H protons are reasonably sensitive to the deprotonation processes. A pK a value could be determined based on the upfield shift of the peak of C 7 H due to the deprotonation taking place between pH ~8.3 and 10.3 (Table 1) , which is in good agreement with the calculated data based on the other methods.
Fig. 2
However, a new set of peaks belonging to the aromatic ring protons is seen in the whole pH range studied, which is most probably the consequence of the presence of Z/E isomers in the medium applied (Scheme 3) due to the geometric isomerisation of the C 7 =N double bond. It is noteworthy that formation of isomers was not observed in pure [D 6 ]DMSO (Fig. S2) . The deprotonation of the phenolic-OH group is accompanied by significant electronic shielding effects in the case of the aromatic ring protons of both isomers (Fig. S3 ).
On the basis of these changes (pH > 7) proton dissociation constants could be calculated for the major and minor isomers (Table 1) .
Scheme 3
Due to the possible formation of a hydrogen bond between the phenolic-OH and imine N 1 in the isomer E can increase the pK a of the OH. At the same time a hydrogen bond located between the deprotonated phenolate and N 2 H in the isomer Z can decrease the pK a via the stabilization of the conjugate base. Taking into consideration these suppositions the major isomer is the E, while the minor one refers the Z form in all likelihood. According to the literature the X-ray structure of the neutral SSC (HL) obtained from an ethanolic solution reveals that the molecule is almost planar, however the semicarbazone moiety forms a dihedral angle of ~15° with the phenyl ring [35] . The arrangement of the substituents at the C 7 H=N double bond shows the E conformation in which the N 1 atom is oriented in a way to form an intermolecular hydrogen bond between N 1 and the phenolic-OH in the solid phase [35] . Additionally, the direction of the changes in the chemical shifts of the corresponding aromatic ring protons of the E and Z isomers is the same by increasing the pH (Fig. S3 ) except for the C 6 H proton. In the latter case deprotonation of the phenolic-OH results in a downfield shift of the E isomer's peak, and an upfield shift is seen for the other one. Due to the probable hydrogen bonds in the HL form of the E isomer and in the L − of the Z (vide supra) the C 6 H is situated far from the C 7 H=N double bond in these species, which results in a decrease in the magnetic anisotropic effect on this proton. Therefore, the chemical shift of C 6 H in the protonated form is higher for the Z than the E isomer oppositely the case of the deprotonated forms. The ratio of the Z and E isomers, which is 1:9 and is not affected by the deprotonation of the phenolic-OH, thus remains nearly constant at pH > 3. This is fairly unusual; the isomerisation is most probably under kinetic control, thus there is no real equilibrium between the isomers in the HL form.
However, the ratio of the isomers is undoubtedly changing at pH < 3 ( Fig. 2 ) most probably as a result of the (de)protonation of the semicarbazone moiety (Scheme 2), which is realized possibly at the carbamoyl moiety [36] . The molar fraction of the Z isomer is increasing by decreasing the pH, although the positions of the peaks are unchanged. Based on the integrated areas of the peaks belonging to the Z and E isomers and mass balance equations the pK 1 and the isomeric ratio for the species H 2 L + were estimated (Fig. S4 ). The best fit was found at pK 1 ~ 1.9 and the ratio of E:Z is 36:64 (Fig. S5 ). This means that the Z isomer becomes predominant in the case of the protonated H 2 L + ligand form. Then pK 1 of the isomers could be obtained based on their molar fractions at the various pH values (Table 1) .
Such low pK a values of the semicarbazone fragment were also obtained in the case of the benzaldehyde semicarbazone (pK a = 0.96) or acetone semicarbazone (pK a = 1.33) [37] . Then concentration distribution curves could be calculated with the use of the macroscopic constants (pK 1 ~ 1.9; and pK 2 = 9.32) and with the pK a values of the isomers as well (Fig. 3) .
Fig. 3
It should be noted that pK a values of all the dissociative functionalities of ligand SSC are higher than those of the corresponding thiosemicarbazone, STSC [18] .
The pK a value of the phenolic-OH of the ligand Br-SSC was determined by the deconvolution of the pH-dependent UV/Vis (not shown) and fluorescence emission spectra (Fig. S1 ). In comparison, the proton dissociation constant of this hydroxyl moiety (Table 1) respectively. This result represents a somewhat more hydrophilic character of the SSC ligand compared with STSC, which has a logD 7.4 = 1.74 value [18] . Ligand Br-SSC was found to be much more lipophilic and practically no ligand could be detected in the aqueous phase after partitioning (logD 7.4 > 1.8).
Copper(II) and vanadium(IV/V) complexes of SSC and Br-SSC
The complex formation processes of the semicarbazone ligands with Cu(II) and V(IV)O ions were followed by various methods such as pH-potentiometry, UV/Vis and EPR spectroscopy in 30% (w/w) DMSO/H 2 O. The stoichiometries of the metal complexes and the cumulative stability constants furnishing the best fits to the experimental data are listed in Table 2 . It should be noted, however, that the Cu(II) complexes precipitate at a metal/ligand ratio of 1:1 at pH > 7 at 1 mM concentration of the metal ion and only at ~ 0.250 mM were found to be soluble at the physiological pH range. In the case of the Br-SSC the low solubility hindered the application of pH-potentiometry in the milieu used. (Fig. 4) .
Fig. 4
The significant deviation between the molar absorbance (e) and l max values belonging to these complexes strongly support the difference in their coordination modes. This coordination pattern was also found in an X-ray crystal structure of Cu(II) and SSC [38] and its N 3 ,N 3 -dibenzyl derivative [39] . Table 3 The anisotropic spectra of [CuL] + (Fig. 5.b ) could be characterised with rhombic g-, Aand a N -tensors, the data are listed in Table 4 . To describe the nitrogen splitting measured in the perpendicular region of the spectrum, one nitrogen coupling was taking into account (a Ny )
pointing toward the al. [40] . Table 4 In the case of the ligand Br-SSC UV/Vis titrations ( [V(V)O 2 L] complex of ligand Br-SSC has quite similar geometry according to the X-ray crystallographic structure to that of SSC [13] .
Gallium(III) and iron(II/III) complexes of SSC
The composition and cumulative stability constants of the Fe(III), Fe(II) and Ga(III) complexes of SSC furnishing the best fits to the experimental pH-potentiometric data are listed in Table 5 . It was observed that the coordination of SSC to Fe(III) is significant already at the starting pH (~2), thus the overall stability constant of the mono-ligand [Fe(III)L] 2+ complex was determined by UV/Vis spectrophotometry on individual samples in which the KCl was partially or completely replaced by HCl to maintain the ionic strength constant in the pH range 1.0 -2.0 (Fig. S10 ). In the case of Fe(II) precipitate occurred at pH > 8 during the pH-potentiometric titrations as the ligand coordination could not protect the metal ion against the hydrolysis in this pH range (Fig. S11) . (Table 5) The speciation model obtained for the Ga(III) -SSC complexes was supported by 1 H NMR titrations (Fig. 10) . In the first instance, a slow ligand-exchange process was observed with respect to the NMR time scale since the signals of the protons of the non-bound and bound ligands can be seen separately. Furthermore, the chemical shifts belonging to the mono-ligand and bis-ligand species are also separated, which are upfield shifted by increasing the pH due to the deprotonation processes of the hydrazine N 2 nitrogen. It is noteworthy that formation of a complex [GaLH −1 ] + was also detected and a pK value for the deprotonation of
[GaL] 2+ could be estimated based on the changes of the chemical shifts of the C 7 H proton measured between pH 3 and 6 (Table 5) ; however formation of this minor species was not found according to the pH-potentiometric data. Molar fractions of the ligand when it is coordinated in the mono and in the bis complexes and when it is unbound were calculated at a 1:2 metal-to-ligand ratio at various pH values on the basis of the integrated areas of the signals of the C 7 H protons, and the result is in good agreement with the concentration distribution curves calculated based on the stability constants (Fig. 11) . It is noteworthy that the pH-dependent 1 H NMR spectra (Fig. 10) show a significant fraction of the free ligand, thus that of the free metal ion, in the whole pH range studied at the two fold excess of the ligand. The Ga(III) -SSC complexes represent relatively high stability in the acidic pH range and their log values are only 1-2 orders of magnitude lower than that of Fe(III) complexes (Table 5) , although Ga(III) has a quite strong tendency to hydrolyze accompanied by the appearance of the water-soluble hydroxido species. This hydrolysis can suppress the formation of the Ga(III) -SSC complexes at neutral or higher pH values, which considerably decreases the conditional stability constants. It can be seen that merely 45% of the Ga(III) is bound at physiological pH at 0.5 mM concentration of the metal ion and at 1:2 Ga(III)-to-SSC ratio. Quite similar behaviour of Ga(III) − Br-SSC complexes is supposed based on the similarity to SSC that was found for the Cu(II) or V(IV)O complexes (vide supra). On the other hand the hydrolysis is more pronounced in the case of ligand STSC [18] or the -Npyridyl thiosemicarbazones [20] such as Triapine where 33% or 0% of Ga(III) is bound under the same conditions, respectively. These findings strongly suggest the higher efficacy of ligand SSC to bind Ga(III) compared to the thiosemicarbazones with (O,N,S) or (N pyridine ,N,S) donor sets. + is unknown under the applied conditions. For the estimation a value of 15.17 was used, it was measured in water (T = 25.0 °C and I = 0.15 M NaCl) [24] . 
